The electron-hole plasma in charge-neutral graphene is predicted to realize a quantum critical system whose transport features a universal hydrodynamic description, even at room temperature 1, 2 . This quantum critical "Dirac fluid" is expected to have a shear viscosity close to a minimum bound 3, 4 , with an inter-particle scattering rate saturating at the Planckian time /(k B T ) 1 . While electrical transport measurements at finite carrier density are consistent with hydrodynamic electron flow in graphene 5-8 , a "smoking gun" of viscous be- 
havior remains elusive. In this work, we directly image viscous Dirac fluid flow in graphene at room temperature via measurement of the associated stray magnetic field. Nanoscale magnetic imaging is performed using quantum spin magnetometers realized with nitrogen vacancy (NV) centers in diamond. Scanning single-spin and wide-field magnetometry reveals a parabolic Poiseuille profile for electron flow in a graphene channel near the charge neutrality point, establishing the viscous transport of the Dirac fluid. This measurement is in contrast to the conventional uniform flow profile imaged in an Ohmic conductor. Via combined imaging-transport measurements, we obtain viscosity and scattering rates, and observe that these quantities are comparable to the universal values expected at quantum criticality. This finding establishes a nearly-ideal electron fluid in neutral graphene at room temperature 4 . Our results pave the way to study hydrodynamic transport in quantum critical fluids relevant to strongly-correlated electrons in high-T c superconductors 9 . This work also highlights the capability of quantum spin magnetometers to probe correlated-electronic phenomena at the nanoscale.
Understanding the electronic transport of strongly-correlated quantum matter is a challenging problem given the highly entangled nature of interacting many-body systems. For example, the conventional Fermi-liquid paradigm of non-interacting quasi-particles can break down. However, if particle-particle scattering is fast compared to momentum-relaxation such that τ pp τ mr , where τ pp is the particle-particle scattering time and τ mr is the momentum relaxation time, local equilibrium can be established. As a result, a simple, universal description of collective particle motion emerges in which electrical transport resembles that of hydrodynamic fluids. Due to its universality, hydrodynamics play a role in a wide range of strongly-interacting quantum matter including cold atoms 10 , quark gluon plasma 11 , and electrons in solids 12 .
The electron-hole (e-h) plasma in graphene at the charge neutrality point (CNP), known as the Dirac fluid 4, 13, 14 , is expected to share universal features present in other quantum critical systems, even at room temperature 1 . First, particle-particle scattering occurs on the time scale τ pp ∼ τ 1 , where the Planckian time τ = /(k B T ) is the fastest rate for entropy generation allowed by the uncertainty principle at temperature T . A quantum critical electron fluid involving such a similarly maximal dissipative process is postulated to underlie the linear-T resistivity observed in the strange metal phase of high-T c superconductors 9 . Second, as a result of Planckianbounded dissipation, the Dirac fluid in graphene is expected to have a ratio of shear viscosity η to entropy density s that saturates at a lower bound η/s ≥ /(4πk B ) [2] [3] [4] . Experiments with quark gluon plasma and unitary Fermi gases obtained values of η/s that are just a few factors above this lower bound 10, 15 . Likewise, the Dirac fluid is predicted to come close to this "ideal fluid" limit 2, 4 .
Compared to the non-interacting particle case, hydrodynamic electron flow is expected to be dramatically modified due to viscosity, e.g., leading to vortices near a constriction and a parabolic velocity profile in a channel (known as Poiseuille flow) 2, 16 . However, while viscous flow in classical fluids and atomic gases can be directly imaged, probing hydrodynamics in electron fluids has thus far relied on indirect electrical transport measurements, requiring model-dependent interpretation. Examples include the negative vicinity voltage and channel-width-dependent resistivity in PdCoO 2 17 , WP 2 18 , and graphene at finite carrier density [5] [6] [7] [8] . As the interpretation of such indirect measurements is model-dependent, a direct, local observation ("smoking gun") of hydrodynamic electron fluid flow is highly desirable 19 . Furthermore, while experimental evidence for the Dirac fluid in graphene was seen in violation of the Wiedemann-Franz law for a temperature range of 50 K T 100 K 14 , transport measurements have so far been unable to provide information on whether viscous Dirac fluid flow occurs near the CNP [5] [6] [7] [8] . Lastly, inter-species scattering (e-h) is momentum-conserving but relaxes current; whereas intra-species scattering (e-e or h-h) conserves both. Thus the question of whether there is viscous Dirac fluid flow near the CNP remains open.
Here we address this question by directly imaging the viscous Poiseuille flow of the Dirac fluid at room temperature in a graphene channel via measurement of the flow-induced stray magnetic field B using nitrogen vacancy (NV) centers in diamond 20 . Inside a conductor where the dominant scattering is momentum relaxing, for example due to impurities, phonons, or Umklapp processes, the conventional Ohmic transport of electrons in a channel exhibits a uniform current profile. In contrast, a hydrodynamic electron fluid can develop a parabolic (Poiseuille) current profile (Fig. 1a) . For a 2D current distribution J, the inverse problem between J and B is unique 21 ;
therefore, measurement of B(x, y, z = d), where d is the sensor-source stand-off distance, reveals the local current flow (Fig. 1b) . For our experiments, magnetic imaging of current flow is performed with two complementary modalities: 1) scanning probe microscopy using a single NV center 22 ( Fig. 1c) and 2) wide-field imaging with an ensemble of NVs 23 ( Fig. 1d ).
We begin with scanning NV magnetic microscopy. A probe consists of a diamond nanopillar 24, 25 containing a single near-surface NV spin, with spatial resolution nominally set by the NV-sample distance 50 nm. An NV spin is sensitive to the component of the magnetic field along the crystallographic axis defined by the nitrogen and the vacancy. The Biot-Savart law together with current conservation implies that the spatial-distribution of the magnetic field projection along the NV axis, B || , contains all the information of the current distribution producing the magnetic field. For the devices we interrogate, the dimension along which the electrical current flows (the y-direction) is much longer than the device's narrow dimension (along the x-direction).
Therefore, we perform a 1D scan of the single NV probe across the width of the device W in order to measure B || (x), from which we obtain J y (x) and subsequently elucidate the presence of hydrodynamic flow.
As a benchmark, we first perform measurements on a thin palladium channel sourced with 1 mA current. At each spatial location along the narrow dimension x n , we perform NV optically detected magnetic resonance (ODMR) to measure the stray magnetic field B ||,n generated by current flow J y along the y-direction in the palladium channel. The measured projective field B ||,n is shown in Fig. 2a . J y is obtained by minimizing the cost function
Here, {x n , B ||,n } is the experimental data and B || ([J y ], x) is the Biot-Savart functional that gives the projected field at position x, given a current distribution J y .
Details of the procedure can be found in the supplementary materials 26 . The resulting current profile J y (x) for the Pd channel is shown in Fig. 2b . The current profile shows a clear hallmark of
Ohmic transport, with a near-uniform J y that drops sharply at the edges x/W = ±0.5.
We next apply scanning NV magnetic microscopy to measure current profiles in graphene devices, with nanoscale resolution. A device consists of an hBN-encapsulated monolayer graphene on a standard SiO 2 /doped Si substrate. In order to stay within the linear response regime at T =300 K, we apply a voltage drop k B T = 26 mV across the graphene channel, which generates a typical current 2 µA near the CNP. To measure the corresponding stray magnetic field B || with high signal-to-noise, we modulate the current at opposite polarities and perform NV spin-echo AC magnetometry 20, 26 . The measured B || at the CNP is shown in Fig. 2a , and the resulting current density is shown in Fig. 2b . In contrast to the Ohmic profile seen in the Pd channel, the current profile in the graphene device is distinctly parabolic. Similar profiles are observed in four devices ( The measurement described so far assumes uniformity of the system along the y-direction as well as current conservation. As a complementary measurement, we perform wide-field 2D
imaging of the vector magnetic field resulting from current in a graphene device, which allows us to map the electronic flow with minimal assumptions. The measurement is performed on an hBN-encapsulated graphene device with graphite top gate (optical image in the inset of Fig. 3a) fabricated on a diamond with a high-density ensemble of near-surface NV spins (Fig. 1d) . We source a 100 µA current from the top contact to the bottom-left side-contact. An NV spin ensemble contains four orientations aligned with the diamond chip's four crystal axes. Thus, vector components of the magnetic field can be reconstructed from ODMR measurements of the four NV orientations, for each pixel in the 2D image of NV fluorescence. In Fig. 3c , we show a line-cut of the current density far away from the device drain, J y (x, y = 2.5 µm). We also experimentally determine the 2D image resolution to be 420 nm, consistent with the diffraction limit of the setup (see Supplementary Material) 26 . We can then compare the measured current density profile with calculated diffraction limited profiles of uniform and viscous electron flow, for the same total current 100 µA. As seen in Fig. 3c , the experimentally measured J y profile at the CNP clearly deviates from uniform flow and matches well a parabolic Poiseuille profile. This result provides further confirmation of the observation of viscous Dirac fluid flow in room temperature graphene.
We next investigate the carrier density dependence of current profiles in graphene. At the CNP, an hBN-encapsulated graphene device on a SiO 2 substrate is stable under the optical illumination necessary for NV magnetometry, whereas away from the CNP, exposure to green light scattered from the diamond probe leads to photo-induced doping in such devices 26, 27 . As a result, at any finite gate voltage, the system will equilibrate towards the CNP over time. Nevertheless, the rate is slow enough that we can obtain scanning NV magnetic measurements as a function of carrier density range 26 . The top panel of Fig. 4a shows current profiles measured with the scanning NV magnetic microscope averaged over several different ranges of carrier densities. In all cases, the current profile is consistent with viscous flow. Similar observations are made with wide-field vector magnetic imaging. Since the hBN layer that serves as the gate-dielectric directly contacts both the graphene and the top gate, the graphene-on-diamond device is immune from photo-induced doping and allows NV measurements at a specified value of the carrier density 28 .
The bottom panel of Fig. 4a shows diffraction-limited current profiles at several carrier densities up to 1.5 × 10 12 cm −2 , all of which which are consistent with a Poiseuille profile and hence viscous flow.
To determine the kinematic viscosity ν of the Dirac fluid, we consider an electronic flow along the y-direction in a 2D channel with |x| ≤ W/2, where W is the channel width. Evaluating the electronic Navier-Stokes equation 2 , assuming a no-slip boundary condition J y (x = ±W/2) = 0, gives the following current density and conductivity
Here, E is the bias electrical field, and the Gurzhi length D ν ≡ √ ντ mr is a characteristic length that determines the scale of viscous effects. In the limit D ν W , J y becomes the parabolic profile of ideal viscous flow,
are indistinguishable from an ideal viscous flow within experimental uncertainty, we estimate the lower bound on the Gurzhi length to be 0.3W for the profiles presented in this paper. Accordingly,
we then obtain bounds on ν using Eq. 2 and the measured conductivity. not necessarily the same as the particle-particle scattering time τ pp , but is expected to be the same order of magnitude. The results for the viscous scattering time are consistent with the expectation for a quantum critical system, where the Plankian time sets the scale for scattering. Furthermore, the bound on τ ν from our experiment is consistent with the quantum critical scattering time 5τ measured in a Dirac fluid with terahertz spectroscopy 29 .
Lastly, Fig. 4c displays the shear viscosity η = nmν determined from our measurements, where m = √ πn/v F is the carrier effective mass. The shear viscosity is normalized by the entropy density s 0 of neutral graphene at T = 300 K, as calculated in Ref. 4 . For an "ideal fluid", this quantity reaches the conjectured lower bound η/s = /(4πk B ) = 0.08 /k B . Close to the CNP, we observe η/s 0 ≈ 0.3 − 0.8 /k B , which lies between the theoretical value 0.26 /k B for a Dirac fluid at 300 K from Ref. 4 and an experimental estimate ≈ 10 /k B for a Dirac fluid at ∼100 K from Ref. 30 . We note that our value for η/s 0 near the CNP is comparable to the value ≈ 0.4 /k B obtained in cold atoms 10 and 0.5 /k B in quark gluon plasma 15 . Thus, our result adds a new data point for η/s in strongly-interacting quantum matter, the first from a condensed matter system, and highlights the trend of strongly-interacting systems exhibiting η/s within an order of magnitude of the "ideal fluid" lower bound.
In conclusion, we directly imaged the viscous flow of the Dirac fluid in graphene at room temperature using a quantum spin magnetometer, and established the Dirac fluid as a quantumcritical, nearly-ideal electron fluid. While previous indirect experiments in graphene employing electrical transport implied the strongest hydrodynamic effect at intermediate temperatures ∼100-200 K 5, 6 , we find that viscous flow is robust at room temperature, both near and far from the charge-neutrality point. This result has implications for the characterization of graphene devices at elevated temperatures: the conventional procedure using the Drude conductivity cannot be justified, as pointed out in Ref. 5 and emphasized here. Building on our work, it will be interesting to image viscous flow in graphene at different temperatures to extract the viscosity ν(n, T ), which will serve as a benchmark for testing many-body theories. Electronic turbulence may also be ex- For the graphene-on-diamond device, it is necessary to create contact to the top gate graphite without shorting to the graphene. To accomplish this, first EBL is used to write a dielectric structure with hydrogen silsesquioxane (HSQ), which serves to insulate the top gate contact from the graphene. The top gate contact is then created. It is also necessary to ensure the top gate graphite is not shorted to graphene edge contacts. To accomplish this, graphite in the vicinity of the edge contacts is etched away using RIE with O 2 chemistry, which does not affect hBN. At a given NV orientation, the projected stray field generated by the current can then be obtained as
Determination of three projective field components B ||,i allow the vector magnetic field in the NV layer to be determined for all three Cartesian directions.
Four classes of orientations exist in the NV ensemble. Up to a rotation in the xy plane, the orientation vectors are given byû
Here, the coordinates are defined by the diamond, which we call the NV frame, (x NV , y NV , z).
This differs from the coordinate in the device frame (x, y, z), which is such that the y-direction is along the length of the channel, by a rotation of angle θ in the xy plane. For a vector measurement, three projected fields are measured, B i = B ·û i,NV . Then, the vector field in the NV-frame can be determined:
The vector field in the device frame can be obtained by a rotation angle θ,
Current reconstruction is done using direct inversion of the Biot-Savart law in Fourier space,
where µ 0 is the vacuum permeability, and the stand-off distance used is d =50(10) nm 26 . In this modality, uncertainty in the stand-off distance is the dominant source of error for the current density, which is about 9 A/m.
Optical diffraction limits the point spread function of the wide-field magnetic imager, placing a Fourier low-pass filter on the current reconstruction, with a cutoff spatial frequency significantly lower than the cutoff placed by the NV layer stand-off distance (i.e., the imager spatial resolution ∼400 nm is large compared to the standoff d ∼ 50 nm). Thus, high spatial frequency noise is suppressed by the wide-field magnetic imager and direct inversion of the device current is appropriate.
Scanning NV Magnetic Microscopy. The setup is described in Ref. 22 . 
is employed. The first (π/2) x pulse generates an equal NV superposition state
A modulating square pulse of bias ±V AC is supplied to the graphene device from the AWG during the NV free precession time, generating a field of ±B AC on the NV. During the free precession, the NV picks up a total phase of φ = π − 2γ e τ B AC . The NV is therefore in the superposition state (|0 + e iφ | − 1 )/ √ 2. The last ±(π/2) x,y pulse leads to a PL readout signal of PL ±x = PL 0 ± A cos(2φ) for ±(π/2) x and PL ±y = PL 0 ± A sin(2φ) for ±(π/2) y . Here, PL 0 + A is the PL signal for m s = 0 state and PL 0 − A is the PL signal for m s = −1 state. Therefore, the NV phase can be determined as
The microwave pulses are tuned to the m s = 0 ↔ −1 transition as determined via ODMR.
Before the start of a scan, we spin-echo sequence is run without V AC to determine the Hahn echo spin coherent time T 2 , as well as locations of the NV spin coherence revival in the presence of the natural abundance 13 C bath. τ ≈ 10 or 20 µs is used. During a scan, the microwave drive Rabi frequency is measured at each spatial location to to calibrate the microwave pulses. Spinecho measurements are then performed with all four possible final microwave pulses ±(π/2) x,y to obtain a measurement of the NV phase as described above. Differential measurements are also performed with the AC bias sequence +V AC , −V AC and −V AC , +V AC , leading to a total of 8 pulse sequence combinations.
Current Reconstruction from Scanning NV Microscopy. Scanning NV microscopy measures only one projection of the magnetic field generated by current through the device. However, the Biot-Savart law together with current conservation, which has the form k x j x + k y j y = 0 in Fourier space, requires the map of one projection of the magnetic field to contain all information of a 2D current distribution. In our experiment, the NV has an orientation vector u = ( 2/3 cos θ, 2/3 sin θ, 1/3), where θ is the angle between the NV orientation projected on the xy plane and the x-axis. Here, the device being studied is used to define the coordinate axis, with the long direction of the device taken as the y-direction. Therefore, the projected field is B || (x) = 2/3 cos θB x (x) + 1/3B z (x). The sample is placed on the setup in such a way as to minimize θ.
There are two challenges with applying the Fourier inversion method described previously to scanning measurements. First, B || involves B z , which has a long ∼ 1/x tail. Direct inversion requires measurement over a large field of view or otherwise leads to long-wavelength artifacts (e.g., offsets or a slope), which in general can be corrected but nevertheless are inconvenient. Second, current reconstruction involves inverting a low-pass filter which, in the absence of other low-pass filter such as optical diffraction, leads to amplification of noise at high frequencies. Therefore, regularization is required 35 . However, regularization needs to be performed with care: a naive application of a global regularization can smoothen out a sharp feature, such as at the edges.
The goal is to have a current reconstruction procedure that is generally applicable to an arbitrary current profile J y (x) flowing in a channel oriented along the y-direction. First, the current density is parameterized as J y = J y ({a n }, x), with {a n } being free parameters that determine 
∆J(x, W, N, {a n }) ≡ N n=1 J lin (x − (x n−1 + x n )/2, W/N, a n−1 , a n ) ,
Here, Π(x) is the rectangular function, which is unity for |x| < 1/2 and zero otherwise. Note that no particular model is assumed for the current density; also the parameterization described above allows J y to take on any functional form. The only prior knowledge exploited in this procedure is the fact that the current density is zero outside the channel.
With this parameterization, functional can be constructed that generates B || for a given J y :
B || (x, x ctr , W, D, {a n }, d, θ, B 0 ) = B 0 + 2 3 cos(θ)α x (x, d) * J y (x − x ctr , W, D, {a n })
Here, x ctr is the center of the channel, d is the stand-off distance, B 0 is an offset that accounts for potential contribution in B z from far away current flowing not strictly in the y-direction, * denotes a 1D convolution, and the kernels are
To obtain the parameters {x ctr , W, D, {a n }, d, θ, B 0 }, the cost function is minimized:
where {x i , B ||,i } is the experimental data.
Inverting the Biot-Savart law, which acts as a low-pass filter, without regularization leads to unphysical amplification of high-frequency noises on the magnetic field, and therefore regularization is routinely required for the inverse problem. Here, regularization is performed by subjecting the χ 2 minimization to a global constraint |∆J | < ∆J max , where ∆J is the (numerical) second derivative of ∆J. This is equivalent to a low-pass filter of the form k −2 in Fourier space. The constraint ∆J max is chosen such that the reduced χ 2 is close to unity, χ
Here, δB is the typical error bar of the data, N is the number of data points and N p are the number of free parameters in the functional. We note that J 0 itself is well-behaved, and therefore only regularization on ∆J is necessary.
Transport Measurement. Transport measurement of device conductivity σ is performed with an SRS lock-in amplifier (SRS SG384) at 17.77 Hz using a current-bias modality, with a large attached load ≈10 MΩ and source ≈100 nA. The gate voltage V g is supplied by a Keithley 2420.
Carrier density n is determined using n = C g (V g − V D ), where V D is the location of the CNP determined from location of the peak resistivity ρ, and C g = ε 0 ε r /(et) is the gate capacitance per area, with ε 0 the permittivity of free space, ε r the dielectric constant, and t the thickness of the dielectric. For the graphene-on-diamond device, ε r = 4 and t = 13nm are used for the hBN gate dielectric. For the devices made on the standard SiO 2 /Si substrates, ε r = 3.9 and t = 385 nm are used.
